Abstract: Graphene, as a reinforcement for composite materials, has become a focus recently. However, the dispersion of graphene in composite materials is a problem that has been difficult to solve for a long time, which makes it difficult to produce and use graphene-reinforced composites on a large scale. Herein, methods to improve the dispersion of graphene and dispersion mechanisms that have been developed in recent years are reviewed, and the advantages and disadvantages of various methods are compared and analyzed. On this basis, the dispersion methods and mechanisms of graphene are prospected, which lays the foundation for graphene application and preparation.
Introduction
Since Geim et al. [1] successfully prepared graphene by tape stripping in 2004, the study of graphene has never ceased. Graphene is a two-dimensional network carbon nanomaterial. The carbon atoms in graphene form a unique two-dimensional hexagonal honeycomb lattice structure by sp 2 hybridization. This monatomic layer structure makes graphene the thinnest and strongest material in the world [2] . Graphene also has excellent physical and chemical properties, such as mechanical properties [3] , thermal properties [4] , electrical properties [5] , and optical properties [6] . Therefore, graphene has a wider value and prospects for practical application compared with other members of the carbon nanomaterials family, namely zero-dimensional fullerenes and one-dimensional carbon nanotubes. In recent years, graphene has often been combined with polymer materials [7] [8] [9] [10] [11] , ceramic materials [12] [13] [14] [15] [16] , and metal materials [17] [18] [19] to prepare graphene-reinforced composites, which not only makes the physical and chemical properties of the composite materials be greatly improved [20] [21] [22] , but also expands the application of graphene in the field of optoelectronic materials [23, 24] , biosensors [25, 26] , and catalysts [27, 28] . Graphene, however, has a poor dispersion and weak interface bonding force in the matrix, which greatly limits the use of graphene as a reinforcement for composite materials.
The poor dispersibility of graphene in composites is due to its insolubility in the matrix, van der Waals forces, and π-π stacking between the graphene lamellae. Typically, graphene is prone to aggregate and precipitate irreversibly in a variety of matrices [29] . The weak bonding strength between graphene and a matrix is mainly caused by the low surface activity of graphene, which makes graphene difficult to bond with the matrix interface [30] . Thus, how to improve the poor dispersibility and weak adhesion of graphene in the matrix of a composite material has become a vital problem. In order to solve this problem, it is necessary to explore the dispersion methods and mechanisms of graphene. At present, the methods for improving the dispersibility of graphene are mainly divided into three categories, namely physical dispersion methods, covalent bonding methods, and noncovalent bonding methods. Physical dispersion methods usually adopt mechanical methods nanotubes to graphene is 8:2, the best dispersion effect can be achieved. This method can increase the flexural properties and reduce the electrical percolation threshold of the epoxy composites.
Ball-Milling
Just like stirring, ball-milling can produce shear force on graphene. The ball-milling apparatus can also cause vertical impact and collisions by adding brittle balls which will fragment the graphene and inhibit its agglomeration. Leon et al. [38] achieved graphene flakes with different sizes by adding commercially available melamine during the process of ball-milling under solid conditions. The prepared graphene can be well-dispersed in organic solvents, water, or culture media. Alinejad et al. [48] obtained graphene nanoflakes of about 50 × 200 nm 2 by adding NaCl during ball-milling. Because graphene particles are soft, the brittle and hard NaCl particles can serve as milling agents to grind the graphene into thin layers and keep graphene particles away from agglomeration. NaCl can be easily washed away by water after milling.
A ball-milling treatment can help to fabricate graphene composites of many kinds of matrix. Guo et al. [49] fabricated composites of GNPs and epoxy through ball-milling. The obtained graphene/epoxy resin composites had an enhanced thermal conductivity. The results showed that GNPs with high quality (<10 layers) were uniformly dispersed in the matrix. Yu et al. [40] synthesized a ZnO/graphene nanocomposite by high-energy ball-milling. According to the results, graphene was dispersed homogeneously in the ZnO matrix, which greatly improved the lithium storage capability of ZnO. Bastwros et al. [50] fabricated a 1.0 wt.% graphene-reinforced aluminum 6061 (Al6061) composite by hot compaction in the semi-solid regime of the Al6061. Before the compaction, graphene and Al6061 powder were ball-milled, which provides a good dispersion of graphene in Al6061 matrix.
Because of the advantages of physical dispersion, such as simple operation and easy access to the equipment, many scholars have chosen to disperse graphene by physical dispersion methods and synthesize metal matrix composites. However, physical methods will cause damage to the graphene structure and the dispersion rate of graphene is low. For example, the Raman spectra results of graphene in Figure 1 [50] show that the intensity ratio of the D-band to the G-band (ID/IG) increased from 1.08 to 1.42 after milling for 5 h. The increase of ID/IG indicates that more defects and disordering were created during the process according to the reference [51] . The number of defects increased mainly because of the physical force applied during the process. The defects caused by these methods are difficult to repair, and the high content of graphene is intractable to obtain. Therefore, physical methods are usually used as assistant methods for other methods. Raman spectra of the milled Al6061-2.0 wt.% graphene powder at different milling times and as-received graphene [50] . (Reproduced from [50] with permission; Copyright 2014 Elsevier). Figure 1 . Raman spectra of the milled Al6061-2.0 wt.% graphene powder at different milling times and as-received graphene [50] . (Reproduced from [50] with permission; Copyright 2014 Elsevier). 
Covalent Bonding Methods
At present, the covalent functionalization of graphene is the most widely used functional method. Although the main part of graphene is composed of stable hexatomic rings, its edges and defect sites have higher reactivity [52] . Graphene oxide can be prepared by chemical oxidation. Because graphene oxide contains a large number of carboxyl groups, hydroxyl groups, epoxy bonds, and other active groups, the covalent functionalization of graphene can be carried out through a variety of chemical reactions. Graphene oxide is mostly obtained by Hummers.
Using Small Organic Molecules
Earlier studies of improving graphene's dispersion mainly focused on using small organic molecules to modify graphene by combining small organic molecules and the oxygen-containing functional groups on the surface of graphene oxides through covalent interaction. This is an efficient way to enhance the dispersion and stability of graphene. These small organic molecules include isocyanate [52] , 1-ethyl-3-(3-(Dimethyl amino)-1-propylamine)-carbodiimide [53] , thionyl chloride [54] , and N,N -Dicyclohexylcarbodiimide [55] .
He et al. [56] utilized ethanol amine as dispersant and hydrazine hydrate as reducer to prepare a graphene composite (ETA-RGO: ethanol amine-reducedgrapheneoxide), and a stable and uniform ETA-RGO dispersion solution was obtained. They used the covalent interaction between the carboxyl of graphene oxide and the amidogen of the ethanol amine to disperse graphene in a water solution with good stability. AFM and TEM results showed that graphene was distributed in the form of a single layer, and the maximum width of graphene in the system was about 1µm and the thickness was about 0.8 nm. In addition, the graphene in the ETA-RGO solution rapidly agglomerated when the pH value decreased to less than 6, which shows an obvious pH value response property of the composite. This method is expected to expand the application range of graphene-related materials in the biological field. Mungse et al. [31] utilized octadecylamine (ODA) to modify graphene oxide through the reaction between the amino of the ODA and the carboxyl of graphene oxide. They obtained long alkyl-chains-functionalized graphene. This functionalized alkylated graphene had long-term stability in lube oils. The optimized concentration of alkylated graphene is up to 0.02 mg/mL. Haddon et al. [57] also observed good dispersion of alkylated graphene in some common organic solvents, such as tetrahydrofuran (THF) and carbon tetrachloride.
Using Polymers
In recent years, the research on using polymers to improve the dispersion of graphene has been more extensive than that using small organic molecules. This is because polymer-functionalized graphene has more advantages, and the structural parameters of polymers can be adjusted, such as the monomer type, topological structure, molecular weight, and electric property. Polymer modification can provide graphene with better mechanical properties, including toughness and ductility, and give graphene more useful properties by changing the type and function of the polymer [58] . In general, there are two methods for the covalent modification of graphene by polymers: the grafting-to method and the grafting-from method [32] . The grafting-to method firstly synthesizes polymer chains with active functional groups at the end, and then grafts the chains onto graphene oxide by a coupling reaction. Zhang et al. [59] adopted this method. They used SOCl 2 as an organic coupling agent, and then obtained polyethylene glycol mono-methyl ether 750 (MPEG750)-modified graphene through esterification. The results showed that the graphene oxide (GO)-MPEG750 is dispersible in both polar and nonpolar solvents. Gong et al. [60] adopt the same method. They prepared functionalized graphene oxide (FGO) through an esterification reaction between the carboxyl of graphene oxide and the hydroxyl of polyvinyl alcohol (PVA). FGO shows a good dispersibility in the polyamide6 (PA6) composite matrix. Except for the esterification reaction, Rani et al. [61] prepared FGO through amidation. They treated graphene oxide with aniline, 2-aminothiazole, and 2-aminopyrimidine, and then prepared three types of amide-functionalized graphene oxide (AGOs), respectively. Figure 2 shows the processing steps to prepare AGOs. The results showed that AGOs are soluble in water, dimethyl sulfoxide, and dimethyl formamide, and can be stabilized for months.
Coatings 2018, 8, 33 5 of 23 shows the processing steps to prepare AGOs. The results showed that AGOs are soluble in water, dimethyl sulfoxide, and dimethyl formamide, and can be stabilized for months. Deshmukh et al. [62] used the colloidal processing method to add graphene oxide into a watersoluble polypyrrole (WPPy)/polyvinyl alcohol (PVA) blend solution and then fabricated WPPy/PVA/GO nanocomposites. The good dispersion in the polymeric matrix of graphene is due to the covalent interaction between GO and WPPy. The composite also has an excellent dielectric property because of the existence of graphene. Noh et al. [63] fabricated polymer composites with excellent graphene dispersibility via using solvent-free powder mixing and in situ polymerization. They also compared the dispersion of graphene nanoplatelets (GNP), graphene oxide (GO), and chemically converted graphene (CCG), respectively. They used the powder-mixing method to mix cyclic butylene terephthalate (CBT) resin powder with three kinds of graphene powder, and then put them into a square mold to prepare three kinds of graphene composite, namely GNP-pCBT, GO-pCBT, and CCG-P-pCBT. The results showed that the graphene in these three composites was highly dispersed. The dispersion of CCG-P in the matrix was the best, followed by GO, which was mainly due to the introduction of a large number of benzene groups in the CCG-P and the fact that the GO contained various oxygen-containing functional groups. The highest content of graphene in the composites reached to 20 wt.%.
The grafting-from method firstly evenly mixes graphene and a polymer monomer, then causes in situ polymerization at the layers of graphene or graphene oxide. Because the polymer "grows" from the surface of the graphene, the amount of grafted polymer on the surface of the graphene can be changed by changing the feed ratio or reaction time. In 2009, for the first time, Ye et al. [64] fabricated amphiphilic polymer-functionalized graphene by in situ living free-radical polymerization. Firstly, they treated graphene with chemical oxidation and ultrasonic exfoliation to prepare GO and the GO was reduced by NaBH4. Then, polystyrene-polyacrylamide (PS-PAM) was covalently grafted onto graphene by using benzoyl peroxide (BPO) as radical initiator, and graphene modified by PS-PAM was obtained. This PS-PAM-functionalized graphene has good solubility and dispersibility in water and dimethylbenzene.
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The grafting-from method firstly evenly mixes graphene and a polymer monomer, then causes in situ polymerization at the layers of graphene or graphene oxide. Because the polymer "grows" from the surface of the graphene, the amount of grafted polymer on the surface of the graphene can be changed by changing the feed ratio or reaction time. In 2009, for the first time, Ye et al. [64] fabricated amphiphilic polymer-functionalized graphene by in situ living free-radical polymerization. Firstly, they treated graphene with chemical oxidation and ultrasonic exfoliation to prepare GO and the GO was reduced by NaBH 4 . Then, polystyrene-polyacrylamide (PS-PAM) was covalently grafted onto graphene by using benzoyl peroxide (BPO) as radical initiator, and graphene modified by PS-PAM was obtained. This PS-PAM-functionalized graphene has good solubility and dispersibility in water and dimethylbenzene. However, this traditional polymerization provides poor control over the structure of the grafted polymer. In recent years, the rapid development of controlled polymerization has provided an opportunity for regular polymer-functionalized graphene, including nitroxide-mediated polymerization (NMP) [65] , atom transfer radical polymerization (ATRP) [66] , reversible addition-fragmentation chain transfer polymerization (RAFT) [67] , and single electron transfer and living radical polymerization (SET-LRP) [68] . On this basis, Wang et al. [69] obtained a graphene/poly (N,N-Dimethylacrylamide) (PDMAA) nanocomposite (G-PDMAA) via the single electron transfer and living radical polymerization (SET-LRP) method. Firstly, they used hydrazine to reduce GO and adopted a diazonium addition reaction to give graphene-containing hydroxyls (G-OH), then they obtained graphene with SET-LRP initiating groups (G-Cl) through esterification with 2-chloropropionyl chloride. Finally, they used in situ SET-LRP to grow PDMAA chains from the surface of graphene and obtained G-PDMAA. The G-PDMAA nanocomposite showed excellent dispersion in common organic solvents and water solution. It is expected to be used in polymer modification and biomaterials.
Osicka et al. [70] fabricated GO modified by poly (methyl methacrylate) (PMMA) polymer chains via surface-initiated atom transfer radical polymerization (SI-ATRP). Poly (dimethyl siloxane) (PDMS) containing different amounts of silicone oil and curing agent as matrix was used. The results showed that PMMA could enhance the interaction between GO and the matrix to achieve high dispersion of graphene. Meanwhile, GO can effectively improve the photocatalytic performance of the matrix materials. Jiang et al. [71] also used PMMA to improve graphene dispersion by latex technology and melt blending. They firstly modified GO with hydroxyethyl acrylate (HEA) and simultaneously reduced the GO. The covalent bonding between the GO and HEA resulted in a functionalized graphene oxide (FGO) with double bonds. Then they used emulsion copolymerization between methyl methacrylate (MMA) monomers and FG double bonds for the pretreatment of FGO. Finally, the PMMA/graphene composites were obtained by melt blending. Figure 3 shows the procedures they used. It was found that PMMA on the surface of graphene can effectively prevent graphene agglomeration and obviously improve graphene dispersion in the polymer matrix. Yuan et al. [72] fabricated graphene/polypropylene (PP) nanocomposites through a novel covalent approach. They firstly modified GO with p-phenylenediamine and cyanuric chloride to obtain FGO. Then, they then grafted FGO with maleic anhydride-grafted polypropylene (MAPP). The obtained FGO showed good dispersion and strong interfacial interaction in a PP matrix. living radical polymerization (SET-LRP) method. Firstly, they used hydrazine to reduce GO and adopted a diazonium addition reaction to give graphene-containing hydroxyls (G-OH), then they obtained graphene with SET-LRP initiating groups (G-Cl) through esterification with 2-chloropropionyl chloride. Finally, they used in situ SET-LRP to grow PDMAA chains from the surface of graphene and obtained G-PDMAA. The G-PDMAA nanocomposite showed excellent dispersion in common organic solvents and water solution. It is expected to be used in polymer modification and biomaterials.
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Noncovalent Bonding Methods
Besides the covalent bonding methods, modifying the graphene's surface with functionalized molecules through a π-π interaction, an ionic bond, or a hydrogen bond etc. can also form a stable dispersion of graphene.
Using a π-π Interaction
Because of the conjugated structure with hexatomic rings which is formed by the sp 2 hybrid carbon of graphene, graphene can have π-π noncovalent interactions with other organics which have the same conjugated structure and absorb the organic molecules on the surface of the graphene to improve the dispersibility. Yang et al. [73] found that the π-π structured plane of humic acid (HA) can be absorbed on the surface of graphene, which supplied oxygen-containing groups to graphene sheets to improve the dispersion of graphene in water. Iqbal et al. [74] proposed an approach to 
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Because of the conjugated structure with hexatomic rings which is formed by the sp 2 hybrid carbon of graphene, graphene can have π-π noncovalent interactions with other organics which have the same conjugated structure and absorb the organic molecules on the surface of the graphene to improve the dispersibility. Yang et al. [73] found that the π-π structured plane of humic acid (HA) can be absorbed on the surface of graphene, which supplied oxygen-containing groups to graphene sheets to improve the dispersion of graphene in water. Iqbal et al. [74] proposed an approach to improve the dispersibility of graphene in a polyethylene (PE) matrix. They mixed graphene, PE, and oxidized PE (OPE) via a solution blending method. It was found that the dispersion of graphene in a PE/OPE matrix improved a lot. Pyrene and its derivatives are common organic molecules with conjugated structures which can effectively inhibit the agglomeration of graphene by absorbing on graphene [33] . Parviz et al. [75] exploited pyrene derivatives called PMMA to modify untreated pristine graphene and obtained a stable dispersion of pyrene-functional graphene nanosheets in chloroform solution. Through vacuum filtration, they prepared a graphene film with completely different conductivity from the top to bottom. Balasubramaniyan et al. [76] modified highly reduced graphene with PMMA by solution blending, which improved the dispersion of graphene in the PMMA matrix. Graphene quantum dots (GQDs) are a kind of graphene with a single layer or a few layers whose transverse size is less than 100 nm. Because of the unique photoluminescence phenomenon it produces, it has attracted great attention [77] . Besides this, it also has a π-π conjugated structure that provides a new way to improve the dispersion of graphene. He et al. [78] improved the dispersion of graphene in water by using graphene quantum dots as dispersants. The results showed that dispersing 100 mg of graphene powder only needed 7.8 mg of graphene quantum dots. The obtained graphene's highest concentration reached 0.4 mg/mL in water. Moreover, it could maintain a stable dispersion for at least three months.
Melt-blending is the most economical and efficient way to achieve the homogeneous dispersion of graphene in a polymer matrix. Many scholars have used a melt-blending method to prepare graphene/polymer composite materials with good dispersibility, and they have found that the combination of graphene and some polymers occurs mainly through the π-π interactions. This π-π bond can effectively improve the dispersion of graphene. Shen et al. [79] prepared thermally reduced graphene oxide (TRG)/polycarbonate (PC) composites by a melting-blend process. Obtaining the dark supernatant after ultracentrifugation experiments showed that the dispersion of TRG was improved in some solutions. The mechanism is shown in Figure 4 . Oyarzabal et al. [80] prepared a pristine graphene (PG)/polycarbonate (PC) nanocomposite by a melt-blending method. The concentration of PG from 1 wt.% to 7 wt.% showed good dispersion. The addition of graphene also enhanced the mechanical properties and barrier properties of the composite. You et al. [81] have successfully prepared highly thermally reduced graphene oxide (TRG) using a melt-blending method. They mixed graphene with a styrene-ethylene/butylene-styrene (SEBS) block copolymer at 225 • C for 25 min. The results showed that the obtained TRG not only achieved a relatively high degree of reduction, but also had good dispersion in the polymer matrix due to the tight combination of SEBS and graphene via the π-π interaction. Istrate et al. [82] prepared a polyethylene terephthalate (PET)/graphene composite via melt-blending at an extremely low graphene loading level. It was pressed into thin film to detect its performance. The results showed that graphene was well-dispersed in the polymer matrix. Moreover, at a nanofiller load as low as 0.07 wt.%, the composite's elastic modulus and tensile strength increased more than 10% and 40%, respectively, compared to pristine PET.
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Using Ionic Bonds
In 2008, Li et al. [34] explored the dispersion state and the charge repulsion of ionic bond-functionalized graphene. They found that GO was able to dissolve in water, not only because of the hydrophilic oxygen-containing functional groups on the surface of GO, but also because the surface carboxyl of GO carries a negative charge. These negative charges repel each other, forming a stable colloidal solution. By taking advantage of this discovery, they could remove the hydroxyl group, epoxy bond, and other functional groups of GO, retain the carboxyl anion by controlling the reduction process, and obtain well-dispersed graphene in water. After that, Liang et al. [83] used the charge effect between positive and negative ions. They added an amphiphilic surfactant with positive charges (quaternary ammonium salt) into an aqueous solution that had highly dispersed graphene formed by a negative charge effect. Then, they added organic solvent (trichloromethane). After a simple oscillation, they realized the transformation of graphene between different solvents for the first time. This simple method can broaden the idea of graphene's dispersion modification and application.
Li et al. [84] realized the uniform dispersion of GO in aluminum powder through direct electrostatic adsorption. This type of adsorption did not require any chemical catalyst. Additionally, GO could be reduced to reduced graphene oxide (RGO) during the annealing process. According to the results, the Young's modulus and hardness of the composite increased by 18% and 17%, respectively, with the mere addition of 0.3 wt.% RGO. Ahadian et al. [85] treated graphene with sonication in aqueous bovine serum albumin (BSA). By using the electrostatic interaction between graphene and the amino acids of BSA, they obtained graphene that was well-dispersed in water. It has high application value in the biomedical field. Hassan et al. [86] fabricated graphene/polyaniline (PANI) thin films with an interpenetration network structure by the following steps. Firstly, they prepared PANI nanospheres through microemulsion polymerization. Then, they used the electrostatic interaction between PANI and GO to form a unique layered structure, and finally reduced GO with hydriodic acid. The results showed that the graphene and polyaniline nanosheets can be well-dispersed by electrostatic adsorption, and the electrical properties of the films are greatly improved. Choi et al. [87] fabricated the end-functionalized polymers amine-terminated polymers and used them to modify rGO via ionic interaction. The protonated amine terminal group of polystyrene can improve the graphene's dispersibility in many organic solutions.
Quaternary ammonium salt can combine with graphene via an ionic bond to inhibit the aggregation of graphene so the dispersion of graphene can be improved [83] . In recent years, many scholars have done experiments and tests on this method. Chen et al. [88] used 2-hydroxypropyltrimethyl ammonium chloride chitosan (HACC)-modified GO via charges interaction between them and reduced GO by hydrazine hydrate to obtain HACC-RGO. They also explored the dispersion and electrochemical properties of HACC-RGO in different pH solutions. Dispersion results showed that HACC-RGO had good dispersion and stability in aqueous solution of pH 2~9, and the average particle size of HACC-RGO decreased with the increase of HACC dosage. Sui et al. [89] introduced quaternary ammonium salt cetyltrimethyl ammonium bromide (CTAB) as a modifier for the noncovalent functionalization of GO, and used GO as reinforcing agent for enhancing the property of olefin block copolymers (OBCs). The results showed that GO had good dispersibility in an OBCs matrix because of the CTAB modification. The tensile strength, elongation, and Young's modulus of the matrix increased 30%, 13%, and 78%, respectively, when adding 1.0 wt.% GO. Some scholars have combined quaternary ammonium salts that bear organics through covalent binding and graphene to improve the dispersibility of graphene in a polymer matrix. Polakova et al. [90] prepared a polymer film with a uniform dispersion of graphene through the ionic bond between graphene and quaternary ammonium salt bearing a polymerizable methacrylamide group. Meanwhile, the thermal conductivity and thermal stability of the polymer film were greatly improved.
Using Hydrogen Bonds
A hydrogen bond is a strong noncovalent bond. Because the surface of the graphene oxide has a large number of carboxyl and hydroxyl groups, it is easy to form hydrogen-bonding interactions with other substances. Therefore, the dispersion of graphene in a material matrix can be improved by combining organics with graphene oxide via hydrogen bonds. Sayyar et al. [35] uniformly dispersed graphene into a chitosan-lactic acid matrix through the hydrogen-bonding interactions between graphene and the matrix, and then prepared conductive hydrogels. The graphene was homogeneously dispersed and formed a unique three-dimensional network structure, which has high application value in the field of tissue engineering. Polyethylenimine (PEI) has many amine groups, which can absorb to graphene oxide by hydrogen bonding. Roy et al. [91] modified GO with PEI to obtain an FGO. They discovered that the FGO had good dispersibility in nylon 12 composites.
Polyvinyl alcohol (PVA) is a common organic compound. PVA can form hydrogen bonds with GO to produce a strong interfacial binding force, by which graphene can be evenly dispersed in a PVA matrix. Qi et al. [92] successfully used GO as a reinforcement agent and combined GO with PVA to obtain well-dispersed graphene/PVA composites. They found that the graphene addition significantly improved the shape memory properties of the PVA. Yadav et al. [93] fabricated a montmorillonite (MMT)/graphene oxide (GO)/chitosan (CS) composite using a simple solution mixing evaporation method. The results showed that the composites of chitosan, MMT, and graphene oxide were homogeneous in nature. Additionally, they observed a synergistic effect of MMT and GO reinforcing on the chitosan matrix. Graphene is often used as reinforcement in rubber because of the strong hydrogen bond between them. Kang et al. [94] successfully prepared graphene oxide/carboxylated acrylonitrile butadiene rubber (GO/XNBR) composites by using a latex co-coagulation method. Figure 5 shows the procedures and mechanism. The results showed that the tensile strength and tear strength of XNBR are increased by 357% and 117%, respectively, with the addition of 1.9 vol.% GO due to the high degree of dispersion of graphene in the matrix and a strong interfacial adhesion between the GO and the matrix.
Liu et al. [95] dispersed GO in the matrix of thermoplastic polyurethanes (TPU) by solution blending. The graphene distributed uniformly and in an orderly manner in the TPU matrix because of the hydrogen bond. TRG was prepared by an in situ thermal reduction to weaken the hydrogen bonding and improve its dielectric properties. The TRG/TPU composites with good dielectric properties were successfully prepared by this method. She et al. [96] obtained epoxidized natural rubber (ENR) by introducing hydroxyl groups and epoxy groups into natural rubber (NR). The addition of these groups could result in strong hydrogen bonds between the GO and the matrix and improve the dispersion properties of the graphene in the NR. The results showed that the GO was uniformly distributed in the matrix. The tensile strength and elastic modulus are increased by 87% and 8.7 times, respectively, with the addition of 0.7 wt.% GO.
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Chemical Plating
High strength, high electric conductivity, and high thermal conductivity are the advantages of graphene that differentiate it from other existing reinforcement agents, such as carbon nanotubes. If these performance advantages can be introduced into bulk metal matrix composites, they will have a great influence on the design and performance improvement of metal matrix composites. If we can first coat some metal material on the surface of graphene to form a continuous and high-strength combination of the two and then combine it with the required metal matrix, disadvantages such as the poor bonding and wettability of graphene when the graphene is directly combined with the desired metal matrix can be overcome. Additionally, this will be the key to using graphene to prepare metal matrix composites. The chemical plating of metal atoms on the surface of graphene is an effective solution.
Chemical plating is a kind of wet process in which the metal ions in the solution are reduced to metal atoms and deposits on the surface of materials without the external current [97] . It provides a very important method for the surface modification of graphene. This method is different from the electro deposition technology: First of all, the chemical plating process does not require current. Secondly, not all materials can be chemically plated. It can only plate on the surface of the material with an autocatalytic ability [98] . Because graphene nanosheets do not have catalytic activity, making the chemical plating of graphene possible, they need to absorb some catalytically active films or particles on the graphene's surface. This process is called sensitization and activation [99] . There is no consistent explanation about the principle of chemical plating. At present, there are three theories, called the atomic hydrogen theory, the hydride theory, and the electrochemistry theory. The atomic hydrogen theory is briefly described as follows:
Nickel sulfate solution contains nickel ions. Sodium hypophosphite must decompose hypophosphite and Na ions. Water will react with hypophosphite to form H + on the surface of some specific materials (called autocatalytic materials):
The reaction between a nickel ion and absorbed hydrogen on the surface of an autocatalytic material is as follows:
Phosphorus is produced by a reaction between the absorbed hydrogen and hypophosphite, so the coating contains phosphorus.
The more hydrogen is absorbed, the more gas is produced and the faster the deposition process is.
"Autocatalytic" means that reaction (4) occurs automatically. The metal elements in the VIIIB group have an autocatalytic effect, such as palladium, rhodium, platinum, iron, cobalt, nickel, gold, silver, ruthenium, and iridium. Some people think that this is because the electronic orbitals of the d layers of these elements are unique and can provide dehydrogenation to hydrogen atoms. Based on the above theoretical analysis, Gong et al. [100] used TRG to prepare graphene/Ni nanocomposites by chemical plating assisted with ultrasonic treatment. They used sensitization (SnCl 2 ) and activation (PbCl 2 ) as a pretreatment before the chemical plating. The samples obtained from sensitization, activation, and chemical plating were analyzed. With the prolonging of plating time, Ni nanoparticles took Pb particles as the catalytic center and gradually attached to the surface of the graphene. The Ni distribution was similar to the distribution of Pb (graphene edges and fold regions). However, Sn made little contribution to the electroless Ni plating, and there were some residues present after the chemical plating that indicated that Sn had no catalytic activity.
Hu et al. [101] used NaBH 4 as a reductant to reduce GO and nickel ions and prepared graphene/Ni nanocomposites at room temperature. Unlike chemical plating, this method does not require pretreatment for graphene, such as sensitization and activation. The principle is shown by reaction (5) and reaction (6) . The results showed that the mass fraction of Ni atoms on the graphene surface reached a maximum of 32.9% and the Ni atoms were highly dispersed. Its microstructure was characterized by a unique pore structure, which was mainly due to the large specific surface area of GO and the interaction between nickel ions and oxygen-containing functional groups.
Besides chemical plating Ni onto graphene, some scholars have realized the chemical plating of other metal atoms on the surface of graphene. Zhao et al. [102] successfully plated copper atoms onto a graphene oxide surface, which improved the dispersion of graphene in a copper matrix. They adopted the typical chemical plating process, that is, using sensitization (SnCl 2 ) and activation (PbCl 2 ) as a pretreatment before the chemical plating. Then, CuSO 4 was added to provide copper atoms. Finally, the obtained powders were reduced to prepare graphene/Cu composites. The results showed that the copper atoms on the graphene surface effectively inhibited the agglomeration of graphene and made graphene disperse uniformly in the copper matrix. The residual oxygen bond of the functional group on graphene also increased the binding force. This made the tensile strength and Young's modulus of the composites enhance by 107% and 21%, respectively.
At present, using graphene as a chemical coating on a metal surface to form a composite coating has a very wide range of applications. Uysal et al. [103] successfully plated an Ag/WC/graphene nanocomposite film on the surface of a metal. The dispersed results and mechanisms are shown in Figure 6 . The even dispersion of graphene and WC significantly improved the wear resistance of the composites, and the friction coefficient of the composites decreased greatly compared with that of pure silver. Zhang et al. [104] plated an Fe-RGO composite film on a copper surface. The graphene was well-dispersed. Compared with the coating of pure iron, the coating containing graphene had a more compact structure, which significantly improved its corrosion resistance.
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Synthetical Methods
The synthetical method involves a combination of a physical method, a covalent method, and a noncovalent method, which can achieve a better dispersion of graphene than a single type of method. In Table 1 , the advantages and disadvantages of these three methods are presented. The synthetical method can make use of the benefits of the three methods and effectively avoid their shortcomings. It can realize the homogeneous dispersion of graphene in all kinds of matrix. Table 1 . The advantages and disadvantages of the physical methods, the covalent bonding methods, and the noncovalent bonding methods.
Dispersion Methods Mechanism Advantages Disadvantages
Physical methods
Stirring
Applying physical force to separate agglomerated graphene via shear stress.
Simple operation, easy access to the equipment, and low cost.
Low dispersion rate and introducing disordering and defects to the graphene. Ball-milling Functionalizing the graphene under a mild condition. Does not change the graphene's initial structure and properties.
Introducing other components on the graphene's surface (such as a surfactant).
Ionic bonding
Hydrogen bonding
Chemical plating
Yang et al. [105] improved the dispersion of graphene by hydrogen passivation and an ultrasonic treatment, and prepared a graphene/epoxy resin composite with well-dispersed graphene. The principle of the method was: C-C + H 2 →2C-H. After ultrasonic treatment, the C-C bond between graphene weakened and gradually dispersed. Then, it was passivated with hydrogen. A more stable C-H bond was formed, which separated the graphene flakes and enhanced the binding with the matrix material. Zhou et al. [106] prepared pristine graphene/copper matrix composites (PG/Cu) and reduced graphene oxide/copper matrix composites (RGO/Cu) and compared them. To achieve the uniform distribution and dispersion of PG and RGO in the Cu matrix, they proposed a new physical mixing method. The method has five steps: First, polyvinyl pyrrolidone (PVP) is used to modify PG via the π-π interaction. Second, GO that is uniformly distributed in water is prepared. Next, polyvinyl alcohol (PVA) is used to modify copper powder. Then, PG and GO are respectively mixed with the prepared copper powder, and finally the graphene is treated with thermal reduction. According to the results, GO can combine with the PVA on copper by covalent bonds. Compared with the simple mechanical mixing method, this method can make PG and RGO more evenly distributed in the copper matrix, which is mainly due to the effective combination of the hydroxyl groups on PVA and the carboxyl groups on PVP or GO. It was also found that PG/Cu composites had higher yield strength, compressive strength, and electrical conductivity than RGO/Cu composites because the two-dimensional structure of PG could effectively restrict the movement of dislocations.
Perumal et al. [107] prepared poly(4-vinyl pyridine)-block-poly(ethylene oxide) (PVP-b-PEO) and synthesized it with graphene. After ultrasonic and centrifugal treatment, the graphene reached the highest concentration of 2.6 mg/mL in aqueous and ethanolic solution. They compared their results with dispersions stabilized by another surfactant called P123 and poly(styrene)-block-poly(ethylene oxide) (PS-b-PEO) synthesized. They found that graphene would have better dispersion and stability after synthesizing it by PVP-b-PEO. This was because of not only the π-π interactions between VP (vinyl pyridine) and graphene, but also the nitrogen atoms in VP that make the bond between VP and graphene stronger [108] . In the same year, Perumal et al. [109] also prepared other block copolymers with a similar block length, including poly(ethylene oxide)-block-poly(styrene) (PEO-b-PS), poly(ethylene oxide)-block-poly(4-vinylpyridine) (PEO-b-PVP), and poly(ethylene oxide)-block-poly(pyrenemethyl methacrylate) (PEO-b-PPy). Through reversible addition-fragmentation chain transfer (RAFT), they combined them with pristine graphene and RGO. The dispersion illustration in Figure 7 shows that the combination of graphene and PEO-b-PVP had a more stable dispersion and the graphene had fewer defects. The highest concentration of pristine graphene and RGO obtained reached 1.7 mg/mL and 1.8 mg/mL in the ethanol, respectively. poly(ethylene oxide)-block-poly(pyrenemethyl methacrylate) (PEO-b-PPy). Through reversible addition-fragmentation chain transfer (RAFT), they combined them with pristine graphene and RGO. The dispersion illustration in Figure 7 shows that the combination of graphene and PEO-b-PVP had a more stable dispersion and the graphene had fewer defects. The highest concentration of pristine graphene and RGO obtained reached 1.7 mg/mL and 1.8 mg/mL in the ethanol, respectively. Achaby et al. [110] studied the influence of melt-blending on the performance of a polyvinylidene fluoride (PVDF)/graphene composite. According to the results, through the synergistic effect of composite additives, high-speed mixing, and melt-forming, the dispersion of graphene in a PVDF matrix can be well-dispersed and a good functional network structure can be formed. The thermal stability and tensile and flexural properties of PVDF are enhanced due to the better dispersion and Achaby et al. [110] studied the influence of melt-blending on the performance of a polyvinylidene fluoride (PVDF)/graphene composite. According to the results, through the synergistic effect of composite additives, high-speed mixing, and melt-forming, the dispersion of graphene in a PVDF matrix can be well-dispersed and a good functional network structure can be formed. The thermal stability and tensile and flexural properties of PVDF are enhanced due to the better dispersion and distribution of graphene throughout the matrix.
Water is an excellent solvent and has no toxicity. However, graphene hardly disperses in it because of the high surface energy of water. An effective way to increase graphene's dispersion in water is to reduce the graphene after oxidation and exfoliation; however, this method will make the graphene obtain a large quantity of structural defects and residual oxygen-containing groups, so that many of the excellent properties of graphene will be weakened [111] . However, the addition of a surfactant can improve the dispersion of graphene in water, and will not destroy the unique structure of graphene. A surfactant is a kind of amphiphilic organic. On one end of its molecular structure are hydrophilic polar groups and on the other end are hydrophobic nonpolar groups. Graphene can be combined with the hydrophobic groups. The hydrophilic groups at the other end can be arranged on the surface of the solution and decrease the surface tension. Therefore, the dispersion of graphene in water can be improved [112] . The use of a surfactant is always assisted by sonication.
Lotya et al. [113] stabilized graphene in water by the surfactant sodium cholate. They treated graphene with long-duration (up to 400 h) and low-power ultrasound followed by centrifugation (at a centrifugation rate between 500 and 2000) to obtain a stable dispersion of graphene in water. The results showed that the concentration of graphene in water can reach to 0.3 mg/mL. More than 80% of the number of graphene sheets was less than five, and more than 10% of the sheets were single layer. This is a simple and economic method to obtain graphene with good quality. In a subsequent study, Ramalingam et al. [114] investigated sodium cholate (SC) and sodium deoxycholate (SDC). They treated graphene with SC and SDC followed by ultrasonic dispersion, and the best dispersion concentration was found to be 0.52 mg/mL and 2.58 mg/mL, respectively. The dispersion effect of SDC was obviously better than that of SC, because the absence of oxygen molecules in the SDC formed a flat hydrophobic surface, which made the surfactant disperse evenly on the surface of the graphene and promoted the exfoliation of the graphene. Sun et al. [115] prepared stable aqueous dispersions of pristine graphene at concentrations of up to 7.1 mg/mL by using the surfactant sodium taurodeoxycholate (STC), of which 8% had a single layer and 82% had less than five layers. Moreover, the dispersion of graphene/STC could be further increased to 12 mg/mL by vacuum evaporation.
Guardia et al. [116] used various surfactants to treat graphene, then compared and summarized the dispersion effect of these surfactants. These surfactants and their acronyms are shown in Table 2 . The concentration of each surfactant used in this study was above the critical micelle concentration and was mixed with graphene followed by an ultrasonic treatment. The experimental results estimated from UV-vis absorption measurements are shown in Figure 8 . The dispersion effect of all kinds of nonionic surfactants was better than that of the ionic surfactants. When the nonionic surfactant P-123 is at a concentration of 0.5%, the best dispersion of graphene can reach about 1 mg/mL, while the best dispersion of graphene treated by ionic surfactants was only 0.1 mg/mL. Furthermore, the concentration of graphene gradually increased with the extension of ultrasonic dispersion time. The structure of graphene in the water was single layer or a few layers, and the surface barely contained any defects. This study provides a new idea for the large-scale production of graphene with a low cost and good dispersion.
Wan et al. [117] prepared graphene/epoxy composites by a surfactant-assisted method, and the dispersion and interfacial bonding of the graphene were significantly improved. They used polyoxyethylene octyl phenyl ether (POPE) as the surfactant. Firstly, they obtained 100 mg TRG and mixed it with 150 mg POPE, then put them into water treated by ultrasound at 65 • C for 6 h. Finally, the drying process was carried out. The results showed that the agglomeration phenomenon of graphene treated with a nonionic surfactant was obviously reduced, mainly because the treated graphene sheet was wrapped by the polymer chain. The dispersion and compatibility of graphene in the epoxy resin matrix were significantly improved and the thermal stability of the composite was also greatly enhanced compared with the epoxy resin. Table 2 . Surfactants and their acronyms used throughout the text [116] . (Reproduced from [116] with permission; Copyright 2011 Elsevier).
Surfactants Name Acronym
Non-ionic The concentration of each surfactant used in this study was above the critical micelle concentration and was mixed with graphene followed by an ultrasonic treatment. The experimental results estimated from UV-vis absorption measurements are shown in Figure 8 . The dispersion effect of all kinds of nonionic surfactants was better than that of the ionic surfactants. When the nonionic surfactant P-123 is at a concentration of 0.5%, the best dispersion of graphene can reach about 1 mg/mL, while the best dispersion of graphene treated by ionic surfactants was only 0.1 mg/mL. Furthermore, the concentration of graphene gradually increased with the extension of ultrasonic dispersion time. The structure of graphene in the water was single layer or a few layers, and the surface barely contained any defects. This study provides a new idea for the large-scale production of graphene with a low cost and good dispersion. Based on the study of a surfactant, Wang et al. [118] found that adding ethanol into the graphene/surfactant mixture could further increase the concentration of graphene. The experimental results showed that when the surfactant is SDC, the concentration of graphene can be increased by three times, from 0.15 mg/mL to 0.46 mg/mL, by adding 10 wt.% ethanol. Other ionic and nonionic surfactants have the same enhancement effect when adding 10 wt.% ethanol. With the addition of ethanol, the stripping efficiency of graphene in water was five times greater than before, which was up to 9.4%. This was mainly because the addition of ethanol could reduce the mixing enthalpy and improve the stability of the surfactant. A graphene/carbon nanotubes composite can also be prepared by synthetical methods. Fan et al. [119] prepared GO and treated it by ultrasound in water for 30 min. Then, they added Multi-walled carbon nanotubes (MWCNTs) in it with an ultrasonic treatment for 30 min. The MWCNTs-GO film was produced after vacuum filtration. The results showed that the dispersibility of MWCNTs-GO was better than that of GO and MWCNTs and the MWCNTs-GO could stabilize for more than 1 month without any precipitation. This was mainly due to the introduction of one-dimensional multi-walled carbon nanotubes between the two-dimensional graphene sheets, which resulted in a three-dimensional network structure. This network structure could effectively inhibit the aggregation of graphene sheets, which made the dispersion of graphene significantly improve.
Yu et al. [120] successfully obtained multi-walled carbon nanotube/graphene (MWCNT/GnP) hybrid materials by a multi-step method, which improved the dispersion of the graphene. The steps are shown in Figure 9 . Firstly, pristine graphene was treated with the mixture H 2 SO 4 /HNO 3 (1:1 v/v) to obtain hydroxylated-graphene (GnP-OH). Secondly, they added poly(acryloyl chloride) (PACl) into the suspension of MWCNT-OH and kept stirring under a nitrogen atmosphere for 48 h. Then, the MWCNT-PACl was washed and filtrated repeatedly with THF followed by the mixing of MWCNT-PACl and GnP-OH at 80 • C under a nitrogen atmosphere. Finally, an MWCNT/GnP hybrid material was obtained after cleaning. The results showed that the dispersion of the MWCNT/GnP hybrid material is better than that of graphene and carbon nanotubes. The mechanism is the same as that of graphene. The three-dimensional structure of the graphene and carbon nanotubes was formed by using PACl as a bridge, and the Van der Waals' force between the graphene sheets was successfully suppressed so that the dispersion is improved.
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Based on this method, they [121] improved the multi-step method and used a one-step method to fabricate a MWCNT/GnP hybrid material with the same three-dimensional structure. The specific steps are as follows: MWCNT-OH and GnP-OH were obtained via the same process. Then, the MWCNT-OH and the GnP-OH (1:1 m/m) were mixed and PACl was introduced into the suspension of MWCNT-OH and GnP-OH. Finally, the MWCNT/GnP hybrid material was obtained after washing and filtering. According to the results, the obtained dispersibility of the one-step method is better than that of the multi-step method. This discovery mainly lies in the different reaction mechanisms of the preparation process. In the process of the multi-step experiment, carbon nanotubes are easily wrapped by polymer PACl, resulting in the reaggregation of carbon nanotubes. In contrast, the one-step reaction can make GnP-OH and MWCNT-OH have the same opportunity to form a stable three-dimensional structure by covalent bonding with PACl.
Summary and Outlook
Graphene has many excellent physical and chemical properties, which provide it with a very wide range of applications in many fields. However, the poor dispersion of graphene and its irreversible aggregation problem have hindered the further application of graphene. In order to make graphene play a more excellent role in the application process, solving the problem of poor dispersion has become particularly important. In recent years, many scholars have done a lot of research to solve this problem, which has made the dispersion of graphene improve, and graphene composites have excellent performance. However, how to prepare a large number of low-cost graphene composites is still a difficult problem that needs to be solved. In this paper, the methods and mechanisms of improving the dispersibility of graphene are summarized in detail. There are three main ways to improve the dispersibility of graphene; namely, physical dispersion methods, covalent bonding methods, and noncovalent bonding methods. Physical dispersion owns a simple operation and it is easy to access the equipment, but it will cause damage to the graphene's structure and the dispersion rate of the graphene is low. The defects caused by these methods are difficult to repair and a high content of graphene is intractable to obtain. Therefore, physical methods are usually used as assistant methods for other methods. The covalent bonding methods can be divided into organic small molecule bonding and polymer bonding according to the material that is combined with graphene. Its advantage is to increase the processability of graphene, but it will cause defects and affect the graphene's physical and chemical properties. The noncovalent bonding methods can be divided into π-π bonding, ionic bonding, and hydrogen bonding. The advantages of these methods are their simple operation, mild conditions, and that they will not bring too many defects to the graphene, but will introduce other components (such as surfactants) onto the graphene. With the deeper studies of graphene, some scholars have adopted a combined method of covalent bonding and noncovalent bonding and the method of chemical plating. Chemical plating expands the application of graphene to metal matrix composites.
With the deepening of the theoretical research, there will be more methods of improving graphene dispersion, and these methods show a trend of combining covalent bonding and noncovalent bonding. In order to expand the application scope of graphene, these methods should follow the following points: (1) Minimizing the processing effect on graphene and matrix materials to prepare graphene with high quality; (2) Controlling the amount, type, and position of the binding materials on graphene to improve the controllability of the method; (3) Removing the unwanted components in practical applications to restore the excellent structure and properties of graphene; and (4) Reducing cost to realize the large-scale application of graphene. At the same time, the joint use of graphene preparation and composite preparation should be considered, and a synergistic system of graphene application and research should be constructed. In conclusion, graphene, as a unique two-dimensional material, has excellent thermal properties, optical properties, mechanical properties, and electrical properties, and shows great potential and value both in theoretical research and practical applications. Graphene has a wide range of applications in the fields of electrochemistry, biomedicine, and energetic materials as a reinforcement for composite materials. The key factors affecting the properties of these composites are the dispersion of graphene in the matrix and the interfacial adhesion between the graphene and the matrix. Graphene with excellent dispersibility and strong interfacial bonding can significantly improve the physical and chemical properties of composites, and improve the production efficiency and application range of composites. Along with the future study of graphene, a deeper understanding of the dispersion methods for and mechanisms of graphene will be needed. The properties and applications of graphene will then be further increased, producing more excellent performance from the new graphene material.
